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In Brief
Xiao et al. reveal oxytocinergic projections from PVN to VTA and SNc, where, by different circuit and receptor mechanisms, oxytocin release biases dopamine neuron activity in opposite directions. This work places dopamine signaling under prominent control of a peptide neuromodulator.
INTRODUCTION
In the vertebrate basal ganglia, timed release of the neuromodulator dopamine (DA) supports complex, goal-directed actions (Bromberg-Martin et al., 2010; Schultz, 2007; Wise, 2004) . The majority of midbrain neurons that produce DA reside in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc). The core projections of VTA DA neurons target ventral striatal (vStr) areas, subserving reward-based learning, while SNc DA neurons primarily target motor action-associated dorsal striatum (dStr). Genetically guided tracing experiments have facilitated the identification of input and output wiring of DA neurons in the VTA and SNc Lerner et al., 2015; Watabe-Uchida et al., 2012) . The results of functional experiments, including calcium imaging of DA terminals, further support the preferential links of VTA DA signaling to reward and SNc-derived DA tone to locomotion (Howe and Dombeck, 2016) .
Oxytocin (Oxt) is synthesized and released by neurons of the hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON). This neuropeptide and hormone is linked to the reward system through its effects on social behaviors, including social reward, social learning, pair bond formation, parenting, and mating (Gimpl and Fahrenholz, 2001; Love, 2014; Dö len et al., 2013; Marlin et al., 2015; Choe et al., 2015) . Numerous studies demonstrate an indirect or downstream interaction of Oxt and DA signaling. A key example is Oxt release into the vStr, which promotes affiliative social behavior (Liu and Wang, 2003; Shahrokh et al., 2010; Young and Wang, 2004) . However, the only current evidence for a direct Oxt regulation of DA neuron activity focuses on prolactin induction in the arcuate nucleus (Briffaud et al., 2015) .
Prior results suggest the possibility that Oxt also acts in the midbrain. Behavioral studies show that activation of Oxt receptors (OxtRs) in the VTA is important for social reward (Song et al., 2016) . Oxt in the VTA may generally influence rewardbased behavior, since Oxt infusions there suppress sucrose intake (Mullis et al., 2013) . Moreover, a recent trans-synaptic tracing analysis showed that Oxt neurons from the PVN project to VTA DA neurons , while another study demonstrated that Oxt could regulate the activity of a subset of unclassified VTA neurons (Tang et al., 2014) . Therefore, Oxt may directly modulate VTA DA neurons. Whether Oxt projections also target SNc DA neurons has remained unexplored. One of the two brain regions enriched in Oxt somata, the PVN, sends monosynaptic projections to the SNc (Watabe-Uchida et al., 2012) , where Oxt infusions reduce locomotor activity (Angioni et al., 2016) . Despite experimental support for the existence of midbrain-targeting Oxt projections and behavioral effects of Oxt infusions, the functional impact of Oxt on the activity of DA neurons in either VTA or SNc has not been examined.
In the central nervous system, Oxt binds to a single G-proteincoupled receptor (GPCR) (OxtR) primarily coupled to Ga q protein effectors, but, at higher concentrations, Oxt is able to recruit Ga i subunits (Busnelli et al., 2012) . Binding to Ga q -coupled OxtR stimulates the phospholipase C pathway to enhance neuronal firing (Gimpl and Fahrenholz, 2001; Stoop, 2012) . Oxt can also bind with lower affinity to the three vasopressin (Avp) receptors V1aR, V1bR, and V2R (Tribollet et al., 1988) . Oxtr transcripts have been found in rodent VTA and SNc (Peris et Vaccari et al., 1998) , while the evidence for AvpR expression in midbrain DA regions is conflicting (Dubois-Dauphin et al., 1996; Ostrowski et al., 1994; Insel et al., 1994; Tribollet et al., 1988) . If these areas express both OxtR and AvpR, then the activation of either receptor by Oxt could result in a net increase in neuronal activity.
To dissect the mechanisms of oxytocinergic modulation of DA neurons in the VTA and SNc, we used a combination of anatomical, optogenetic, and electrophysiological approaches. Here, we show that Oxt controls neuronal activity in midbrain DA regions through direct and polysynaptic effects. These effects are driven by Oxt release itself, which acts on several Oxtsensing receptors, including Oxt and Avp GPCRs. Our results place DA signaling under prominent control of a neuropeptide that is known to regulate social behavior and interact with reward signaling.
RESULTS

PVN Oxt Projections Directly Target the VTA and SNc
To determine whether Oxt neurons project to midbrain DA regions, we unilaterally injected green retrobeads ( . To evaluate whether the same set of Oxt PVN neurons project to both VTA and SNc, we injected both GRBs and red retrobeads (RRBs) separately into the VTA and SNc of wild-type mice ( Figure S1B ). After 7-9 days, we evaluated the overlap between RB + cells and Oxt neurons in the PVN (Figures 1G and 1H ; Figure S1B ). Both GRBs and RRBs were found in PVN Oxt neurons, at similar proportions as for single-color RB labeling. Figure 1I ). Here, 452/491 eYFP + neurons were labeled for Oxt IF (3 mice) ( Figure 1I ). In addition to the well-described projections to amygdala and striatum (Knobloch et al., 2012) , we observed eYFP + axons in both the VTA and the SNc as well as in the lateral hypothalamus ( Figure 1J ; Figures S1C and S1D). We observed a mediolateral linear trend in the density of virally transduced axons, with the peak of expression in dorsolateral SNc and the poorly defined reticular area along its border (eYFP + axonal density, VTA, (Figure 2A ). An $2-fold greater proportion of TH + somata co-localized with OxtR + puncta in the VTA versus in the SNc ($55% of VTA TH  + cells were OxtR IF   + , but only $26% in the SNc, p < 0.05, unpaired t test) ( Figure 2B ). Significantly fewer OxtR puncta were observed following IF in tissue where OxtR was conditionally knocked out from DAT + neurons, confirming the specificity of receptor labeling. We also used a previously characterized OxtR antibody to confirm expression in the VTA and SNc (Marlin et al., 2015) (Figures S2A and S2B) .
To Luther and Tasker, 2000) . Magnocellular Oxt neurons can be distinguished from parvocellular ones by a longer latency to spike in response to positive current injections and a transient outward rectification following relief from hyperpolarization Luther and Tasker, 2000) . To determine the subtype that gives rise to these midbrain projections, we injected GRBs into either the VTA or the SNc of Oxt Figure 3D ). Together with prior reports of differences between magno-and parvocellular neurons Luther and Tasker, 2000) , our data suggest that PVN Oxt neurons projecting to VTA/SNc are primarily parvocellular.
Opposing Effects of Oxt on the Activity of VTA and SNc DA Neurons To reveal the functional consequences of Oxt signaling for DA neurons, we recorded tdTomato + neurons in slices prepared from DAT i-Cre ; Ai14 mice ( Figure S3A ). DA neurons tended to be tonically active, with firing rates (FRs) around 1-2 Hz and membrane potential ''sag'' in response to hyperpolarizing current injections (Guzman et al., 2009; Wanat et al., 2008) (Figures S3B and S3C) . Consistent with the view that Oxt primarily acts at the Ga q -coupled receptors in the central neural system (Grinevich et al., 2016) ( Figures 4A and 4C ). Oxt-responsive neurons were defined here and throughout as those exhibiting at least a 20% change from baseline activity level in response to Oxt application-for these neurons, Oxt-mediated enhancement in firing was approximately 2-fold (210.5% ± 22.0% of baseline activity) ( Figure 4C ). The observed effect on tonic activity in the presence of Oxt was accompanied by a modest decrement in afterhyperpolarization and action potential height ( Figure S3D ). To confirm that this modulation did not depend on the intracellular recording configuration, we recapitulated this observation using cell-attached recordings of DAT + neurons ( Figure S3E ).
In contrast, the FRs of SNc DA neurons during Oxt application showed a more heterogeneous set of responses, correlated with the mediolateral positions of the neurons. Medial SNc DA neurons did not show a significant FR modulation in response to Oxt application (control, 0.87 ± 0.29 Hz; Oxt, 1.02 ± 0.27 Hz; washout, 0.80 ± 0.30 Hz; one-way ANOVA, p = 0.270, n = 8 neurons, 8 mice) ( Figure 4D ). However, lateral SNc DA neurons reversibly decreased FR in the presence of Oxt (control, 0.91 ± 0.18 Hz; Oxt, 0.49 ± 0.14 Hz; washout, 0.91 ± 0.22 Hz; p < 0.05, one-way ANOVA with Tukey post hoc tests, n = 14 neurons, 12 mice) ( Figures 4B and 4D ). In the lateral SNc, Oxt decreased the FR of Oxt-sensitive DAT + neurons by $70% (31.8% ± 7.9% of baseline firing rate) ( Figure 4D ). For lateral SNc DA neurons recorded in cell-attached mode, spontaneous activity was also inhibited by Oxt ( Figure S3F ). Oxt narrowed the width and increased the height of SNc DA neuron action potentials ( Figure S3D ). Regardless of the anatomical distinction of VTA versus SNc, the lateral location of a DA neuron predicted a decrement in FR in response to Oxt, while a medial location was associated with an increase in FR ( Figure 4E ). This divergent neuromodulatory regulation of tonic activity was largely sex invariant (VTA FR change: _ 0.23 ± 0.10 Hz, \ 0.24 ± 0.09 Hz, p = 0.919, unpaired t test, n = 11 neurons/group; SNc FR change: _ À0.71 ± 0.23 Hz, \ À0.25 ± 0.12 Hz, p = 0.101, unpaired t test, n = 12 and 10 neurons/group). Figure S4C ). Others also report that DA neurons in mice can be identified based on their response properties and morphology (Ungless and Grace, 2012; Wanat et al., 2008) . Consistent with the results of bath application experiments, we observed an enhancement of FR in VTA DA neurons when optogenetically activating oxytocinergic axons (baseline, 1.19 ± 0.18 Hz; light, 1.37 ± 0.19 Hz; after, 1.13 ± 0.19 Hz; p < 0.01, one-way ANOVA with Tukey post hoc tests, n = 16 neurons, 12 mice) ( Figure 5C ), in contrast to a decrement in FR in lateral SNc DA neurons during light stimulation (baseline, 1.21 ± 0.16 Hz; light, 0.90 ± 0.19 Hz; after, 1.04 ± 0.17 Hz; p < 0.01, one-way ANOVA with Tukey post hoc tests, n = 16 neurons, 10 mice) ( Figure 5D ). For light-sensitive VTA DA neurons, defined above (20% FR modulation), stimulation increased FR to 132.8% ± 4.7% of baseline ( Figure 5C ); in the SNc, activity in responsive neurons decreased to 37.1% ± 7.6% of baseline ( Figure 5D ). For DA neurons lacking spontaneous firing, light stimulation elicited analogous opposing changes in resting membrane potential ( Figures S4D and S4E ). These Oxt-induced voltage changes are physiologically relevant, as small differences in membrane potential translate into relatively large FR changes for DA neurons ( Figure S4F ).
DA neurons provide the primary output of the VTA and SNc, respectively targeting the vStr to regulate reward and the dStr to modulate locomotion (Howe and Dombeck, 2016; WatabeUchida et al., 2012) , but they also innervate multiple other regions Walsh and Han, 2014) . To determine which populations of DA neurons are modulated by Oxt, we combined GRB injections and viral transduction of ChR2. GRBs were injected into dStr or vStr of Oxt i-Cre mice transduced with AAV-ChR2-mCherry in the PVN, and we recorded GRB + neurons from the VTA and SNc, with light stimulation as above (Figures 5E and 5F) . Consistent with previous studies (Lammel et al., 2011; Watabe-Uchida et al., 2012) , most GRB + neurons observed in midbrain DA regions were located in the VTA following vStr injections but in the SNc after dStr GRB targeting ( Figure S4G ). In response to light activation of Oxt fibers, GRB + VTA DA neuron excitability increased, based on measurements of FR or membrane potential (6/11 neurons, 4 mice) ( Figure 5E ). On the other hand, most GRB + SNc DA neurons showed reversible inhibition of activity (10/13 neurons, 3 mice) ( Figure 5F ). These results indicate that PVN Oxt projections are poised to shift the overall balance of DA tone from SNc to VTA-specific sources in downstream targets of DA neurons.
Oxt Directly Enhances the Activity of VTA DA Neurons Optogenetic control of Oxt release enabled selection of DA neurons displaying specific modulatory responses for further dissection of the underlying mechanisms. In the VTA, lightevoked FR increases in DA neurons were abolished by the OxtR antagonist L368,899, used at concentrations that should block both OxtR and, to a lesser degree, V1aR (FR change ACSF , 0.26 ± 0.05 Hz; FR change L368,899 , 0.01 ± 0.06 Hz, p < 0.05, paired t test, n = 6 neurons, 6 mice) ( Figure 5G ). Light-evoked changes in activity persisted in the presence of a cocktail of antagonists for glutamatergic and GABAergic receptors, supporting a direct, monosynaptic effect of Oxt release on VTA DA neurons ( Figure 5H ).
Oxt Indirectly Inhibits SNc DA Neurons via Local GABA Neurons Several lines of evidence suggest that in the SNc, rather than directly activating Oxt-sensing receptors on DA neurons, Oxt acts through distinct neural circuits or receptor mechanisms. First, we found few OxtRs in SNc DA neurons (Figure 2) . Second, the observed inhibition of SNc DA neuron activity by Oxt is inconsistent with canonical Ga q -mediated effects found in other brain areas (Huber et al., 2005; Zheng et al., 2014) . Finally, light-evoked inhibition of SNc DA neurons was longer lasting relative to the opposite valence modulation observed in the VTA ( Figure S5C ). Consistent with the possibility of multi-receptor mechanisms, OxtR antagonist alone was insufficient to block light-evoked inhibition of SNc DA neurons (FR change ACSF À0.27 ± 0.04 Hz; FR change L368,899 À0.40 ± 0.08 Hz, p = 0.166, paired t test, n = 9 neurons, 6 mice) ( Figure 5G ). If Oxt-induced inhibition of SNc DA neurons is mediated by local circuits, it may require fast neurotransmission. To test this hypothesis, we carried out additional pharmacological dissection of light-evoked activity changes in stimulation-responsive DA neurons. Blocking fast neurotransmission with CPP, NBQX, and SR95531 did not abolish light-mediated inhibition of SNc DA neuron activity ( Figure 5H ). However, in the absence of fast transmission, the inhibition became more transient, similar in timescale to the enhancement of tonic activity in the VTA (Figures S5A-S5C ). With fast transmission blocked, light-evoked inhibition persisted in the presence of additional selective blockers for each of the following receptors individually: Oxt (L368,899, À0.33 ± 0.09 Hz, p < 0.01, t test versus baseline, n = 7 neurons, 5 mice), V1a (SR49059, À0.32 ± 0.06 Hz, p < 0.01, n = 6 neurons, 4 mice), and Drd2 (L741,626, À0.30 ± 0.08 Hz, p < 0.01, n = 9 neurons, 7 mice) ( Figure 6A ). However, GABA(B)R antagonist (CGP54626) abolished light-driven inhibition of activity in SNc DA neurons (FR change control , À0.31 ± 0.05 Hz; FR change CGP54626 , À0.08 ± 0.05 Hz, p < 0.01, paired t test; n = 10 neurons, 9 mice). FR change CGP54626 did not differ from baseline (p = 0.122, t test versus baseline) ( Figures 6A and 6B) , raising the likelihood of a disynaptic effect via GABA neurons. To evaluate the role of GABARs in mediating oxytocinergic regulation of SNc DA neurons, we repeated these experiments with synaptic signaling intact. Light-evoked hyperpolarization of SNc DA neurons was diminished in the presence of GABA(A)R and GABA(B)R antagonists (membrane potential change control , À2.46 ± 0.37 mV; with blockers, À0.53 ± 0.22 mV; p < 0.01, paired t test, n = 9 neurons, 5 mice) ( Figure 6C ).
We next sought to reveal the basis for oxytocinergic inhibition of SNc DA neuron activity using pharmacological blockers for GPCRs and signaling cascades. Since multiple Oxt-sensing receptors are expressed in the SNc (Skuse and Gallagher, 2009) , we recorded SNc DA neurons in the presence of OxtR and AvpR (V1aR and V1bR) antagonists. Each blocker alone had no significant effect on Oxt-mediated inhibition of SNc DA neuronal activity (Figures 6A and 6D ). Yet, together, these antagonists sufficed to fully block the modulatory effect of Oxt (control membrane potential change, À2.67 ± 0.45 mV; with blockers, 0.05 ± 0.28 mV; p < 0.01, paired t test, n = 5 neurons, 3 mice) (Figure 6E) . Blocking G bg subunit-dependent signaling with gallein also prevented Oxt-driven effects, confirming a GPCR-based mechanism of SNc inhibition by Oxt (membrane potential change control À2.49 ± 0.41 mV; blockers, À0.45 ± 0.26 mV; p < 0.01, paired t test, n = 6 neurons, 4 mice) ( Figure 6F ).
Our previous experiments do not distinguish whether GABAmediated inhibition stems from local interneurons or directly from Oxt projections. Although we did not observe light-evoked inhibitory currents (IPSCs) in DA neurons (data not shown), we evaluated the possibility of GABA co-release from Oxt neurons. We measured the overlap between Oxt IF and tdTomato + neurons in the PVN of Vgat i-Cre ; tdTomato mice and found 0/341 double-labeled cells in 2 mice ( Figure 7A ). Therefore, Oxt neurons are unlikely to co-release GABA. 
DISCUSSION
Behavioral and anatomical studies have suggested the possibility of oxytocinergic modulation of midbrain DA neurons, but knowledge of the circuits and the physiological consequences of this potential modulation have remained elusive. Here, we anatomically and functionally characterize hypothalamic oxytocinergic projections that regulate midbrain DA neuron activity, supporting a direct interaction between neurohypophyseal systems and DA circuits (Figure 8 ). This oxytocin source derives from parvocellular neurons of the PVN. In the VTA, Oxt directly increases the FR of most DA neurons. In the SNc, by contrast, oxytocin hyperpolarizes membrane potential, causing a net decrease in FR. The opposition of these net modulatory effects stems from differences in receptor expression and circuit connectivity. Oxytocin-sensing receptors are expressed on both DA and GABA neurons in the VTA. However, few oxytocin-sensing receptors are expressed on SNc DA neurons, unlike the population of nearby GABA cells. This biased modulation, mediated by oxytocin-sensing receptor gradients and differences in circuit organization, demonstrates a mediolateral gradient of responsiveness to Oxt in midbrain DA regions. Other mediolateral cellular gradients are well established in this region. Lateral DA regions develop earlier than medial areas (Bayer et al., 1995) , and they degenerate more quickly and intensely than VTA DA neurons during the clinical progression of Parkinson's disease (PD) (Duke et al., 2007) . Since PVN Oxt neurons are also vulnerable in PD (Purba et al., 1994) , future studies are needed to explore the possibility that a loss of oxytocinergic dampening in the SNc contributes to DA neuron damage and the pathophysiology of PD.
Differences in expression patterns of receptors provide a simple mechanistic framework for mediating biased responses. The single OxtR shares high levels of sequence alignment with the three AvpRs (Mouillac et al., 1995) . Compared to the activity of Oxt via OxtR, its effect on V1aR and V2R is about 1% of full activity (Manning et al., 2008; Tribollet et al., 1988) . Still, Oxt action at V1aR can mediate peripheral analgesic effects (Qiu et al., 2014; Schorscher-Petcu et al., 2010) . In addition, the activity of Oxt at V1bR is involved in the secretion of insulin and glucagon from the pancreatic b cells and adrenocorticotropic hormone from the anterior pituitary (Fujiwara et al., 2007; Lee et al., 1995) . Altogether, previous studies have shown that Oxt can act at AvpRs, with physiological consequences for the organism. However, it had remained unclear whether Oxt release exerts physiologically meaningful effects through central AvpRs. We relied on optogenetic stimulation of Avp-negative Oxt terminals and found that a small subset of light-evoked modulatory effects require AvpR antagonists for full blockade. So, despite the distinctions of nomenclature, the actions of Oxt and Avp are likely intertwined. In addition to Oxt acting on AvpRs in midbrain DA regions, Avp could also directly modulate these areas, since Avp neurons project to the VTA . Our retrograde labeling experiments indicate that only $20% of VTA/SNc-targeting PVN neurons are Oxt + . Future studies are necessary to reveal the full scope of PVN peptides that could alter DA release and to identify local interactions of these molecules.
The biased oxytocinergic signaling that we observed is reminiscent of other subcortical systems modulated by neurohypophyseal peptides. The spatial separation of nearby neurons expressing OxtR and V1aR appears in other brain regions (Stoop, 2012; Veinante and Freund-Mercier, 1997) . For example, oxytocin and vasopressin projections match local, segregated patterns of OxtR and V1aR expression in the central amygdala (Huber et al., 2005) . However, our data suggest the sufficiency of Oxt release for physiological effects via multiple GPCRs, distributed in area-specific and cell-class-specific ways. This distribution of neurohormone receptors in the VTA/SNc sets up midbrain DA regions to be controlled by either Oxt or Avp or both. The close spatial proximity between oxytocin-sensing receptors in midbrain DA regions and Oxt + axons of PVN neurons supports the likelihood of direct synaptic effects, as in the central amygdala (Knobloch et al., 2012 ). Yet, Oxt neurons are capable of dendritic release of oxytocin (Landgraf and Neumann, 2004; Ludwig et al., 2002) and can signal through microvolume diffusion (Fuxe et al., 2012) , which could also contribute to the regulation of DA neuron activity in vivo. Parvocellular Oxt neurons of the PVN give rise to substantial central projections, including those targeting limbic and brainstem regions Insel and Shapiro, 1992) . The Oxt neurons we observe projecting to the VTA and SNc comprise largely separate groups. It remains to be determined whether they send additional projections outside the DA midbrain. Future studies are also needed to reveal the potential interactions between sex and Oxt control of reward circuitry, as neurohypophyseal systems have sex-specific functions (Crowley, 2015; Young and Wang, 2004) , and magnocellular Oxt neurons prime labor induction and lactation (Gimpl and Fahrenholz, 2001; Insel and Shapiro, 1992) . Our anatomical and physiological data on oxytocinergic regulation of midbrain DA systems support relative sex invariance in structure and function. Thus, this neuromodulatory input may control ethologically significant behaviors shared by males and females. When could these behaviors manifest? In mice, OxtR expression changes over the course of the first several weeks of life . We found that oxytocinergic regulation of DA neurons is consistent across several weeks of postnatal development ($P21-P50). Future studies will determine when the critical functions of maternal circulating oxytocin (Mazzuca et al., 2011; Tyzio et al., 2006) are replaced by endogenously produced peptide.
In addition to delineating the circuits for direct oxytocinergic control over midbrain DA systems, our study highlights the likely importance of local GABA neurons near the SNc for the regulation of SNc DA neuron activity. The main, well-established GABAergic projection to the SNc originates in the substantia nigra pars reticulata (SNr). However, SNr neurons do not contain significant amounts of oxytocin-sensing receptors or Oxt axons. Instead, we found a high concentration of Oxtr transcripts just dorsolateral to the SNc. While this reticular region is poorly defined anatomically, the GABAergic population that resides there may interact with DA neurons of the SNc (Hebb and Robertson, 2000) . It has been previously shown that oxytocin application can directly activate a subset of neurons, including those in the medial VTA via Ga q -coupled OxtRs (Tang et al., 2014 ), but our study details In the VTA, Oxt-sensing receptors are expressed on DA and GABA neurons. The net modulatory effect of Oxt release is an increase in VTA DA neuron activity. In the SNc, few Oxt-sensing receptors are expressed on DA neurons, while a population of nearby GABA cells strongly express them. The consequence of these differences is a net decrease of SNc DA neuron activity in response to Oxt.
extensive oxytocin circuitry that biases the activity of VTA and SNc DA neurons in a region-specific and opposing manner. The present work represents the first observation that direct, evoked oxytocin release from Oxt + axons modulates the activity of VTA and SNc DA neurons. What is the function of oxytocinergic regulation of midbrain DA systems? Given the distributed projections of DA neurons, one compelling hypothesis is that oxytocin and DA signals cooperate to refine salient environmental cues. Indeed, studies suggest that oxytocin acts in the auditory cortex and olfactory bulb to improve the processing of salient sensory input (Marlin et al., 2015; Oettl et al., 2016) . DA input from the VTA to the auditory cortex serves an analogous function (Bao et al., 2001; Lou et al., 2014) . We find that optogenetic activation of midbrain Oxt fibers biases the activity of VTA and SNc DA neurons that send canonical ventral and dorsal projections. This modulation could regulate behavior by altering tonic activity of DA neurons and biasing striatal DA tone. Based on the known effects of striatal oxytocin on social interactions and pair-bonding behavior in the prairie vole and other rodents (Burkett et al., 2016; Dö len et al., 2013; Gao et al., 2016) , one intriguing possibility is that oxytocin biases DA tone to enhance socially rewarding interactions at the expense of exploratory locomotion. Consistently, oxytocin microinjections into the VTA enhance the preference for social interactions (Song et al., 2016) and decrease locomotion when delivered into the SNc (Angioni et al., 2016) . Our study delineates the circuit and receptor logic that supports direct oxytocin-mediated control of DA circuitry, adding a new motif to the complex picture of interactions between the basal ganglia and the neurohypophyseal systems that powerfully regulate social behaviors critical for species survival.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Green retrobeads (GRBs) Lumafluor Cat#G180
Red retrobeads (RRBs) Lumafluor Cat#R180
Critical Commercial Assays Instruments, Nussloch, Germany). No immunoenhancement was used to increase the signal of virally transduced fluorescent proteins. Sections were pretreated in 0.2% Triton X-100 for an hour at RT, then blocked in 10% bovine serum albumin (BSA, Sigma-Aldrich, ST Louis, MO):PBS with 0.05% Triton X-100 for two hours at RT, and they were then incubated for 24-48 hr at 4 C with primary antibody solution in PBS with 0.2% Triton X-100. On the following day, tissue was rinsed in PBS, reacted with secondary antibody for 2 hr at RT, rinsed again, then mounted onto Superfrost Plus slides (ThermoFisher Scientific, Waltham, MA), dried and coverslipped under ProLong Gold antifade reagent with DAPI (Molecular Probes, Life Technologies, Carlsbad, CA) or under glycerol:TBS (3:1) with Hoechst 33342 (1:1000; ThermoFisher Scientific). For acute slices used in electrophysiology experiments, sections were fixed in 4% PFA overnight, washed in PBS, and processed for immunostaining as described above. Primary antibodies used in the study were rabbit anti-tyrosine hydroxylase (1:1000; AB152, Millipore, Billerica, MA), mouse anti-tyrosine hydroxylase (1:1000; AB129991, Abcam), rabbit anti-oxytocin (1:1000; T-4084, Peninsula Laboratories International, San Carlos, CA), and rabbit anti-oxytocin receptor (1:1000; AVR-013, Alomone Labs, Jerusalem, Israel). Alexa Fluor 488-, 594-and 647-conjugated secondary antibodies against rabbit or mouse (Thermo Fisher Scientific, Waltham, MA) were diluted 1:500. The protocol for the OxtR-2 antibody staining (a generous gift of R. Froemke) was based on published procedures . Serum was purified by incubating it against OxtR knockout tissue in 1% bovine serum albumin. Brains were postfixed for 2 hr, transferred to 30% sucrose solution in PBS and stored at 4 C overnight. Then, brains were removed from sucrose solution, embedded in Tissue-Tek O.C.T. compound (VWR), stored overnight at À80 C, and sectioned on a cryostat at 18 mm thickness. Sections were rinsed in PBS, blocked for 2 hr in PBS with 0.2% Triton X-100 and 5% donkey serum, and incubated with OxtR-2 antibody serum at 1:250 dilution. For negative controls, blocking solution without antibody was applied. Following a 2 day-long incubation at 4 C in a humidified chamber, sections were rinsed 3 times in PBS and incubated for 2 hr in Alexa Fluor 647-conjugated goat anti-rabbit antibody (Thermo Fisher Scientific, 1:500). Whole sections were imaged with an Olympus VS120 slide scanning microscope (Olympus Scientific Solutions Americas, Waltham, MA). Confocal images were acquired with a Leica SP5 confocal microscope (Leica Microsystems). Depth-matched z stacks of 1 mm-thick optical sections were analyzed in ImageJ (FIJI) .
Quantitative Fluorescence In Situ Hybridization (FISH)
FISH was conducted following previously published procedures (Banghart et al., 2015) . C57BL/6 mice were deeply anesthetized by inhalation of isoflurane and decapitated. Brains were quickly removed and frozen in tissue-freezing medium on a mixture of dry ice and ethanol for 5 -15 min prior to storage at À80 C. Brains were subsequently cut on a cryostat (Leica CM1850) into 20 mm-thick sections, adhered to Superfrost Plus slides, and frozen at À80 C. Samples were fixed with 4% PFA in 0.1 M PBS at 4 C for 15 min, processed according to the manufacturer's instructions in the RNAscope Fluorescent Multiplex Assay manual for fresh frozen tissue (Advanced Cell Diagnostics, Newark, CA), and coverslipped with ProLong Gold antifade reagent with DAPI (Molecular Probes). The following probes were used: oxytocin receptor (Oxtr), vasopressin type 1a receptor (Avpr1a), tyrosine hydroxylase channel 2 (Th), and Slc32a1 channel 3 (Slc32a1/Vgat). Probes were added to slides in combinations of Oxtr/Th/Vgat or Avpr1a/Th/Vgat, and the Amp4-b fluorescent amplification reagent was used for all experiments. Sections were subsequently imaged on a Leica SP5 confocal microscope in four channels with a 40x objective lens at a zoom of 1.4 at a resolution of 512 3 512 pixels with 0.5 mm between adjacent z sections. FISH fluorescent signals were averaged four times to minimize background noise. Images were taken across the entirety of the population of dopaminergic neurons in each brain section.
Image Analysis
Co-localization of oxytocinergic tdTomato + cells with GRB + cells and neurons immunoreactive against oxytocin was determined using confocal images of the PVN in 5-7 sections per brain. Co-localization of PVN oxytocin neurons with other cell types, including GABAergic neurons and vasopressin neurons, was quantified by immunostaining tissue from Vgat i-Cre ; tdTomato and Avp i-Cre ; tdTomato mice with anti-oxytocin antibody (2-3 mice for each condition). Images were collected and saved for manual counts by one independent blinded observer. The length of oxytocinergic axons in the VTA and SNc was quantified using confocal images of the VTA and SNc, 4 sections per mouse brain. Axonal length was measured in Z projected imaging using Simple Neurite Tracer in FIJI/ImageJ . To quantify OxtR expression in the VTA and SNc, confocal images of OxtR and TH immunolabeling were acquired under the same imaging parameters and analyzed with ImageJ and MATLAB. Three adjacent z stack slices were combined, and TH signal was filtered with a 5 3 5 Gaussian filter and thresholded. Thresholds were determined by comparing the manual detection to automated detection for several images from the slice, and the same thresholds were used for the remaining images.
FISH images were analyzed using a custom MATLAB script utilizing imreadBF for file loading and a modified version of Fast 2D peak finder. Briefly, four adjacent z stack slices were combined, for a total of $2 mm of cells. In general, combining between 2 and 3 mm was optimal to ensure that differences in subcellular localization of RNA transcripts did not result in missed colocalization, while minimizing false positive colocalization driven by signal from a second cell at a different depth in a similar x-y position. All channels were thresholded to remove background signal. Watershed segmentation of the image was performed using the DAPI channel information to localize cell bodies. Puncta of FISH molecules were then counted within established cell boundaries; whether a cell was considered positive for a given marker was determined by setting a transcript-dependent threshold of the number of puncta. This threshold was determined by comparing the count of cells given from a manual count of cells to the histogram of puncta per cell given by the automated program for several images from the slice, and applying that threshold in the remaining images. These stringent parameters for co-localization and the challenges of quantifying low abundance receptor transcripts likely lead to underestimation of receptor-positive population sizes.
Acute Slice Preparation and Electrophysiology Coronal brain slice preparation was modified from previously published procedures (Kozorovitskiy et al., 2012) . Animals were deeply anesthetized by inhalation of isoflurane, followed by a transcardial perfusion with ice-cold, oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM) 127 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.0 CaCl 2 , 1.0 MgCl 2 , and 25 glucose (osmolarity $310 mOsm/L). After perfusion, the brain was rapidly removed, and immersed in ice-cold ACSF, equilibrated with 95% O 2 /5%CO 2 . Tissue was blocked and transferred to a slicing chamber containing ice-cold ACSF, supported by a small block of 4% agar. Bilateral 250 mm-thick slices were cut on a Leica VT1000s in a caudo-rostral direction and transferred into a holding chamber with ACSF, equilibrated with 95%O 2 /5%CO 2 . Slices were incubated at 34 C for $30 min prior to electrophysiological recording. Slices were transferred to a recording chamber perfused with oxygenated ACSF at a rate of 2-4 ml/min and ACSF was warmed to 30-34 C by passing it through a feedback-controlled in-line heater (TC-324C; Warner Instruments, Hamden, CT). Whole-cell and cell-attached recordings were obtained from neurons in the VTA and SNc visualized under infrared DODT contrast video microscopy using patch pipettes of $2-5 MU resistance. Dopaminergic neurons were identified on the basis of tdTomato expression whenever possible, or on the basis of the combination of their electrophysiological and morphological properties (Ungless and Grace, 2012; Wanat et al., 2008) . In addition, a large proportion of acute brain slices from Oxt i-Cre mice used for electrophysiological recording in optogenetic experiments were immersed in fixative and immunolabeled for tyrosine hydroxylase at the end of the experiment, in order to further validate neuronal identity assessed using electrophysiological and morphological parameters. For recording spontaneous firing rate and membrane potential, the internal solution consisted of (in mM): 135 K-gluconate, 4 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 MgATP, 0.4 Na 2 GTP, and 1 EGTA (pH 7.2, $295 mOsm/L). For the recordings of spontaneous inhibitory postsynaptic currents (sIPSCs), neurons were held at À70 mV with high chloride internal solution consisting of (in mM): 100 CsCl, 35 CsF, 4 MgCl 2 , 10 HEPES, 10 Na-phosphocreatine, 4 MgATP, 0.4 Na 2 GTP, and 1 EGTA (pH 7.2, $295 mOsm/L). Alexa Fluor 488 (10-20 mM) or 594 (10-20 mM) or Neurobiotin (0.1%, Neurobiotin 488 tracer, Vector Laboratories, Burlingame, CA) were added to the internal to visualize cell morphology and confirm cell identity and location. Recordings were made using 700B amplifiers (Axon Instruments, Union City, CA); data were sampled at 10 kHz and filtered at 3 kHz with a MATLAB-based acquisition script (MathWorks, Natick, MA). Series resistance, measured with a 5 mV hyperpolarizing pulse in voltage clamp, was under 20 MU and was left uncompensated.
To activate ChR2-expressing cell bodies or fibers of oxytocinergic neurons, 10 ms-long light pulses (470 nm, 50 Hz for 15 s, 5-10 mW/mm 2 ) were delivered at the recording site using whole-field illumination through a 60X water-immersion objective (Olympus, Tokyo, Japan) with a PE300 CoolLED illumination system (CoolLED Ltd., Andover, UK). Epifluorescence illumination was used sparingly to minimize ChR2 activation prior to recording and was never used with a GFP filter cube. For data analysis of pharmacological flow-in experiments, the mean firing rate of each neuron was calculated every 10 s. Neuronal activity was classified as either enhanced or inhibited by oxytocin when the instantaneous firing rate change in response to oxytocin application was more than 20% above or below the baseline average instantaneous firing rate. Mean firing rates for baseline, oxytocin, and washout periods were calculated from traces recorded 2-3 min before oxytocin application, 3-10 min after oxytocin application, and 2-3 min following wash-out.
For ex vivo optogenetic experiments, each recorded neuron was first classified as being activated or inactivated by light stimulation. Instantaneous firing rate and resting membrane potential (bin size, 1 s) were compared before (15 s) and after (20 s) light stimulation. A threshold of 20% over baseline measurement was imposed to classify a neuron as light-responsive, and response duration was the time that neuronal firing rate was modulated by over 20% of baseline. Because a subset of dopaminergic neurons did not show spontaneous activity, even at near physiological temperatures, only resting potential changes were analyzed for these cells.
2-Photon Laser Scanning Imaging
We recorded RB-positive or negative oxytocinergic neurons in the PVN with potassium-based internal solution containing Alexa Fluor 488. After 15-20 min-long recording, cell morphology was visualized using Alexa Fluor 488 (10 -20 mM) excited with 910 nm light. The beam of an 80 MHz Ti:Sapphire laser (Mai Tai eHP DS, Newport) was directed by a two-dimensional galvanometer scanning mirror system (HSA Galvo 8315K, Cambridge Technology). Fluorescence emission was collected by two PMTs above and below the sample (H10770P, Hamamatsu) after passing through a dichroic beam splitter (FF670-SDi01-26x38, Semrock) and a bandpass filter (FF02-520/28, Semrock). We used ScanImage 3.8 to control scanning parameters and image acquisition of 1.5 mm-thick z stacks through each recorded neuron (Pologruto et al., 2003) . Laser intensity was controlled by a Pockels cell and laser power at the sample plane was 10-15 mW. Area of the soma was measured on z-projections with FIJI/ImageJ .
Pharmacology
Pharmacological agents, except SSR 149415 (Nelivaptan, 10 mM, Axon Medchem, Groningen, Netherlands), were acquired from Tocris (Bristol, UK) or Sigma-Aldrich (St. Louis, MO). Drugs were applied by bath perfusion: Oxt (1 mM), WAY 267464 (1 mM), L-368,899 hydrochloride (5 mM), L741,626 (10 mM), SR 49059 (5 mM), CGP54626 hydrochloride (10 mM), gallein (20 mM), SR 95531 hydrobromide (10 mM), NBQX (10 mM), and CPP (10 mM).
QUANTIFICATION AND STATISTICAL ANALYSIS
Offline analyses of electrophysiology were performed using MATLAB (Mathworks, Natick, MA) and Igor Pro (Wavemetrics, Portland, OR). All image analysis was carried out in ImageJ (FIJI, NIH) . Whenever possible, data were analyzed blind to condition. For N sizes, both the number of neurons recorded and the number of animals are provided. Sex and age were balanced across groups. Statistical analyses were done using GraphPad Prizm 5 software (GraphPad, LaJolla, CA). Group data are expressed as means ± SEM. For two group comparisons, statistical significance was determined by two-tailed paired or unpaired Student's t tests or non-parametric analogs, when assumptions for parametric testing were not satisfied. Normality was tested using D'Agostino and Pearson omnibus normality test. For multiple group comparisons, one-way analysis of variance (ANOVA) tests were used for normally distributed data, followed by post hoc analyses. For data that were not normally distributed, non-parametric tests for the appropriate group types were used instead, such as Mann-Whitney. p < 0.05 was considered statistically significant.
